INTRODUCTION
The inducible alteration of gene expression is a powerful tool to study gene function in vitro and in vivo and to induce biologic activities for gene therapy (1±4). The use of cre recombinase to activate or inactivate gene expression selectively has been widely used for this purpose (5, 6) . We have previously demonstrated that our gene switch technology using our novel CRE-M adaptation of the cre-lox system provides the ability to initiate, amplify, switch or extinguish tissue-speci®c gene expression in a manner which can be applied to both in vitro and in vivo systems (7) .
A primary advantage of the CRE-M modi®cation is that it allows for the placement of cre recombinase sequences and loxP sites within the same plasmid (7) . This was achieved by introducing an intron with splice sites into the single exon which codes for cre recombinase. The CRE-M modi®cation is applicable to the development of improved transgenic animal methodologies and for gene therapy applications where one vector instead of two can be used to express cre leading to a recombination event and altered expression of a gene product. This approach, however, is still limited by the tissuespeci®city and developmental timing determined by the particular promoter that is used. By coupling a steroid hormone ligand binding domain to cre, an additional level of regulation of cre activity can be introduced.
Previous studies have demonstrated that the fusion of steroid hormone ligand binding domains to cre makes the cre activity responsive to the binding of an appropriate ligand. This has been demonstrated for various forms of the estrogen receptor (ER) and progesterone receptor ligand binding domains (LBD) (8±13). These approaches have proved generally successful, but may be limited by relatively high background levels of cre activity in the absence of ligand.
In this study, we have utilized a fusion-protein approach using the LBD of the androgen receptor (AR) to add an additional level of regulation to our CRE-M-gene switch system and to develop additional cre-regulatory systems which may offer particular advantages over existing systems. We have fused the ligand binding domain of the wild-type androgen receptor and two mutant forms of the androgen receptor to our modi®ed cre-recombinase (CRE-M). We demonstrate that cre-activity is minimized unless it is induced by the addition of an appropriate ligand for the AR-LBD in which case cre recombinase becomes functional. This system has also been adapted to adenoviral delivery systems.
When utilized in the context of our gene switch approach (7), the expression of one gene can be replaced by the expression of a second gene, or expression of a gene can simply be turned off when no longer needed. The latter case may be particularly useful when the prolonged expression of a gene therapy product may be potentially toxic or serious side effects have occurred.
The system we have developed can also be applied for highthroughput screening of compounds with ligand-binding activities to various steroid hormone receptors. Cre activity is induced by the addition of appropriate ligands to the CRE-M-AR-LBD constructs depending upon the speci®city of the LBD being utilized. When utilized in conjuction with our highly sensitive¯uorescent gene switch reporter assay, the CRE-M-AR-LBD system can readily be applied to high throughput screening of compounds for their af®nities to various forms of the AR-LBD. This technology can be utilized to identify compounds that may potentially activate or inhibit the AR signaling pathway, through the binding to wild-type or mutant LBDs. Compounds identi®ed using this screening approach may be further validated for their therapeutic or toxicologic potentials.
MATERIALS AND METHODS

Construction of plasmids
Development of reporter plasmids pCMVe-bAc-STOP-luc and pCMV-EGFP/RFP has been described previously (7) .
Generation of pCMV-CRE-M(BglII). The 3¢ coding sequence for modi®ed cre recombinase CRE-M contained in plasmid p218 (7) was PCR ampli®ed. PCR ampli®cation using the primer set OLN 200T (5¢-CTT-CAG-GCG-CGC-GGT-CTG-GCA-GTA-AAA-ACT-ATC-CA-3¢) and OLN 201 B (5¢-TAG-ACG-CGT-CAT-AGA-TCT-CCA-TCT-TCC-AGC-AGG-CGC-ACC-ATT-GCC-C-3¢). The 812 bp ampli®cation product was digested with BamHI and MluI, gel puri®ed and ligated together with both the BamHI and MscI fragment from p218 containing the 5¢ end of CRE-M and the MscI±MluI fragment from pBS 185 (Life Technologies, Rockville, MD) containing a polyadenylation sequence resulting in the generation of the plasmid pCMV-CRE-M(BglII) (p259).
Generation of of pSP72hAR. The plasmid containing the cDNA of human (h)AR was used as a template for the PCR ampli®cation of the AR-LBD using the primers pairs OLN202 T (5¢-ATT-CTA-GAT-CTG-ATG-ACT-CTG-GGA-GCC-CGG-AAG-CTG-AAG-AAA-CTT-GG-3¢) and OLN 203 B (5¢-GTA-GGA-TCC-ACG-CGT-TCA-TTG-GGT-GTG-GAA-ATA-GAT-GGG-CTT-GAC-3¢). The 903 bp ampli®cation product was digested with XbaI and BamHI enzymes and ligated into the XbaI and BglII of pSP-72 (Promega, Madison, WI) resulting in pSP72hAR (p258).
Generation of pCMV-CRE-M-AR(wt).
To generate a fusion gene consisting of cre recombinase and the AR LBD, plasmid p258 was digested with BglII and MluI and the hAR fragment coding for LBD was isolated. This fragment was cloned into pCMV-CRE-M(BglII) by digesting two separate aliquots of pCMV-CRE-M(BglII) with ScaI/BglII or with ScaI/MluI. The ligation of these three fragments resulted in the generation of pCMV-CRE-M-AR(wt).
Generation of AR-LBD mutants. To generate plasmids containing mutant LBDs fused to hAR, plasmid p258 was digested with BglI and BsgI and the 1.8 kb fragment was isolated. A second aliquot of p258 was digested with BglI and DraIII and the 1.3 kb fragment was isolated. Both of these fragments were ligated to a double-stranded oligonucleotide OLN 204T/OLN 205B (5¢-TGC-ATC-AGT-TCG-CTT-TTG-ACC-TGC-TAA-TCA-AGT-CAC-ACA-TG-3¢ and 5¢-GTG-TGA-CTT-GAT-TAG-CAG-GTC-AAA-AGC-GAA-CTG-ATG-CAG-C-3¢, respectively) resulting in p264 containing the hAR-LBD(LNCaP) mutation, or to OLN 206/207 (5¢-TGT-AGC-AGT-TCA-CTT-TTG-ACC-TGC-TAA-TCA-AGT-CAC-ACA-TG-3¢ and 5¢-GTG-TGA-CTT-GAT-TAG-CAG-GTC-AAA-AGT-GAA-CTG-CTA-CAG-C-3¢, respectively) resulting in p267 containing the hAR-LBD(T) early termination mutation. The hAR-LBD(LNCaP) mutant contains the identical Thr to Ala mutation in the hAR-LBD identi®ed in AR codon 868 (14) .
Generation of pCMV-CRE-M-AR(T) and pCMV-CRE-M-AR(LNCaP).
To generate expression plasmids containing CRE-M fused to the mutated forms of AR-LBD, the MluI± BglII fragment containing hAR-LBD (LNCaP) from p264 was cloned into the MluI and BglII sites of pCMV-CRE-M(BglII) resulting in the generation of pCMV-CRE-M-AR(LNCaP). Similarly, the MluI±BglII fragment from p267 containing hAR-LBD(T) was similarly cloned into plasmid pCMV-CRE-M(BglII) resulting in the generation of pCMV-Cre-AR(T).
Generation of adenovirus expressing cre or CRE-M-AR(LNCaP)
The XbaI fragment containing cre recombinase from plasmid pCMV-cre-K (p209) described previously (7) or the CRE-M-AR(LNCaP) fragment from pCMV-CRE-M-AR(LNCaP) was blunt ended and individually ligated into the pAdenoVator-CMV5 transfer vector (Qbiogene, Carlsbad, CA) which was previously linearized with PmeI. In order to obtain infectious adenovirus containing cre recombinase, the transfer plasmids were processed according to manufacturer's instructions resulting in the generation of replication-defective Adenocre and Adeno-CRE-M-AR(LNCaP).
PCR conditions
DNA plasmid template 10 ng, 300 mM dNTP, 1 mM MgSO 4, 300 nM primers set, 2.5 U of Pfx polymerase in total 50 ml reaction volume. Thermocycler settings were 94°C for 2 min for one cycle, followed by 94°C for 30 s, 68°C for 30 s and 72°C for 1 min (30 cycles), followed by 72°C for 7 min. glutamine, 50 U/ml of penicillin G sodium and 50 mg/ml of streptomycin sulfate. Charcoal stripped FCS (HyCLONE, Logan, UT) was used for all studies that required hormoneligand induction.
Cell transfection
For ligand induction studies, cells were trypsinized (Life Technologies, Rockville, MD), washed in culture media and centrifuged at 190Q g for 5 min at room temperature. Cell pellets were resuspended in 1Q PBS, centrifuged and resuspended in RPMI-1640 without phenol red and supplemented with charcoal/dextran-treated FCS (HyClONE, Logan, UT). Cells were plated at a density of 1.5 Q 10 5 cells/well in 3 ml of culture media 24 h prior to transfection using 6-well plates (Costar, Corning, NY). On the morning of transfection, 2 ml of fresh media supplemented with or without hormone-ligand were added to plates. Transfections with luciferase reporter plasmids were performed 2 h later in which each well received 2 mg of total plasmid DNA in 6 ml of FuGENEÔ 6 (Roche, Indianapolis, IN) in a total of 100 ml of serum-free transfection solution. Studies using¯uorescent reporters were similarly performed with the amount of transfected DNA indicated in ®gure legends. Culture media with ligand was replaced 24 h later. Luciferase assays or microscopy was performed 48 h post-transfection. Transfections were performed in triplicate and experiments were repeated at least three times. Cells were visualized using a Zeiss ICM 405¯uorescent microscope. GFP was visualized using a 436 nm excitation wavelength and a 510 nm emission ®lter. RFP was visualized using a 546 nm excitation wavelength and a 580 nm emission ®lter. Dual¯uorescence was observed using 460±490 nm excitation wavelengths and a 510 emission ®lter.
Luciferase assay
The Dual-LuciferaseÔ Reporter assay system (Promega, Madison, WI) was used to determine the activity of ®re¯y luciferase (Photinus pyralisus) and sea pansy renilla luciferase (Renilla reniformis) according to the manufacturer's instructions. Cells were washed in 1Q PBS and 500 ml passive lysis solution was added per well. Lystate was collected after 15 min and centrifuged at 13 000 r.p.m. for 30 s. 20 ml of supernatant was used for luciferase assays.
Infection of cells with Adeno-cre and Adeno-CRE-M-AR(LNCaP)
CHO-K1 or QBI293A cells were plated 24 h before transfection and infection in 6-well plates as described above. Two hours before transfection-infection, 2 ml of culture media supplemented with charcoal-striped serum was replaced with fresh media with or without ligand at the indicated concentrations. Cells were subsequently transfected with 0.95 mg of reporter plasmid pCMV-EGFP/RFP (7) using FuGene-6 according to the manufacturer's instructions (Roche, Indianapolis, IN). Two hours post-transfection, cells were infected with 500 ml of supernatant containing replication defective adenovirus produced by the adenoviral packaging cell line as indicated previously. Cells received fresh ligand supplementations every 24 h.
RESULTS
Construction of inducible CRE-M using androgen-receptor ligand-binding domain variants
Construction of pCMV-CRE-M(BglII) was performed as described in Materials and Methods and is depicted in Figure 1 . In order to test the functionality of this altered form of CRE-M, co-transfection experiments were performed in which pCMV-EGFP/RFP (p212) was co-transfected with or without pCMV-CRE-M(BglII). No lox recombination occurred in the absence of pCMV-CRE-M(BglII) since cells only expressed EGFP and not RFP. However, the addition of pCMV-CRE-M(BglII) did lead to lox recombination as evidenced by the expression of RFP (data not shown). This demonstrated that the modi®cation to CRE-M by the addition of the BglII site did not inhibit cre recombinase activity.
Having established that the BglII site in CRE-M was not deleterious to CRE-M function, three forms of the ligandbinding domain of the human androgen receptor were added separately to pCMV-CRE-M(BglII) (Fig. 1) . One construct had the wild-type AR-LBD fused to CRE-M resulting in the construct designated pCMV-CRE-M-AR(wt) (p260). The construct pCMV-CRE-M-AR(LNCaP) contained CRE-M fused to the AR LBD with the mutation identi®ed in the AR-LBD in LnCaP cells (14) . The third construct generated contained CRE-M fused to a mutated AR-LBD in which a stop codon was introduced early in the 5¢ coding sequence of the LBD [pCMV-CRE-M-AR(T)]. This construct was designed to have no LBD function and would essentially serve as CRE-M without LBD regulation.
Induction of cre activity with androgens or antiandrogen by CRE-M fused to variant AR-LBD
We wished to test the speci®city of cre recombinase induction using various androgen analogues. As can be seen in Figure 2 , when pCMV-CRE-M-AR(wt) was co-transfected with pCMV-EGFP/RFP (p212) (7), cre activity was only induced by the addition of the androgen agonist mibolerone, but not by the androgen antagonist, OH-¯utamide (Fig. 2D±F) . However, when pCMV-CRE-M-AR(LNCaP) containing the mutant LBD was co-transfected with pCMV-EGFP/RFP (p212), both mibolerone and OH-¯utamide induced cre activity (Fig. 2K±L) . However, when pCMV-CRE-M-AR(T) was cotransfected with pCMV-EGFP/RFP, neither mibolerone nor OH-¯utamide induced cre activity (Fig. 2Q±R ). These results demonstrate that different analogues of androgens could activate CRE-M, depending upon the form of LBD used. We found that the basal level of cre activity using the cre-AR(wt) construct was slightly lower compared with that observed using a previously reported cre-ER construct (data not shown) (15) .
Quanti®cation of cre activity induced by ligands
In order to quantify the induction of cre activity by various ligands, the pCMV-CRE-M-AR variants were co-transfected with our reporter construct pCMVe-bAc-STOP-luc (7) (Fig. 3A) . The addition of 100 nM DHT resulted in a 12-fold induction of luciferase activity when pCMV-CRE-M-AR(wt) was used, whereas 100 nM OH-¯utamide had a minimal effect on luciferase activity (Fig. 3B) . However, both DHT and OH-¯utamide were able to induce a 5-fold increase in luciferase activity when pCMV-CRE-M-AR(LNCaP) was used (Fig. 3B) . As expected, no induction in luciferase was observed when pCMV-CRE-M-AR(T) was used.
We further tested the ability of additional ligands to induce cre activity using pCMV-CRE-M-AR(LNCaP). DHT, OHutamide, 17-OH-estradiol (Fig. 3C ) and the progesterone analogue RU-486 (data not shown) induced similar levels of cre activity. The addition of the anti-estrogen, tamoxifen, did not lead to a signi®cant induction of luciferase activity, although there was a modest response to dexamethasone (Fig. 4B) .
Inducible expression of cre activity by adenoviral delivery
The coding sequence for cre recombinase, with modi®cations for improved translation as previously described (7), and the CRE-M-AR(LNCaP) coding sequence were individually inserted into the adenoviral vector (Fig. 4A) . Infectious viral particles were produced as described in Materials and Methods. CHO-K1 cells were transfected with pCMV-EGFP/RFP (p212) and subsequently infected with Adeno-CRE-M. As seen in Figure 4B and C, lox recombination occurred as expression of RFP was observed demonstrating cre activity. When pCMV-EGFP/RFP (p212) was transfected into cells and subsequently infected with adeno-CRE-M-AR(LNCaP), cre recombinase activity could be induced by OH-¯utamide (Fig. 4D±G) . No recombination with RFP expression was observed without infection of adeno-CRE-M-AR(LNCaP) (data not shown). These results demonstrate that cre-activity can be induced by the addition of an appropriate ligand when delivered in an adenoviral vector system and that this method can turn gene expression on or off.
DISCUSSION
The controlled induction of gene expression is a powerful tool for studying aspects of many molecular processes including development and oncogenesis (16±20). Several systems have been developed where cre recombinase is induced to elicit recombination of lox sites leading to genomic rearrangements (21±23) alterations in gene expression (7, 24, 25) or the introduction of particular mutations (26, 27) . This technology has been particularly useful for conditional alterations in gene expression in genetically engineered mice (1,5,28±31).
We have previously described systems in which a modi®ed cre recombinase (CRE-M) and a pair of lox sites can be assembled into a single vector (7) . This system provides a means to use a single vector to conduct cre-lox based experiments instead of using two separate vectors with cre and lox sites in trans. Using this single vector approach, we have shown that gene expression from a weak, but tissue-speci®c promoter can be ampli®ed.
In the series of experiments reported here, an additional level of regulation of cre activity was achieved through the fusion of variant forms of the AR-LBD to CRE-M. We have demonstrated that the induction of cre activity is dependent upon the ligand binding properties of the particular AR-LBD variant. When the wild-type AR-LBD is fused to CRE-M, cre However, when the ligand speci®city of the AR-LBD has been altered through a mutation, the ligand inducibility of cre activity is similarly altered. PAGE 5 OF 8 Nucleic Acids Research, 2003, Vol. 31, No. 15 e86 In this study, the mutant AR-LBD, which has been identi®ed in the LNCaP cell line (14) , was fused to CRE-M. In this case, cre activity could be induced by both androgen agonists and the anti-androgen OH-¯utamide. This is consistent with previous reports where altered ligand binding and activation properties of the AR LNCaP mutant has been previously characterized (14,32±34) . We have demonstrated that cre activity can be induced using CRE-M-AR-LBD(LNCaP) with high (non-physiological) concentrations of progesterone and E2, but not by the antiestrogen, tamoxifen or dexamethasone.
Our results demonstrate that the AR-LBD can be used to activate cre activity when used with ligands that activate the particular form of the AR-LBD. The application of the Cre-ER-LBD systems have previously been shown to activate cre activity when appropriate ligands are added (15) . We compared the induction of our CRE-M-AR-LBD construct with the original cre-ER-LBD and found the CRE-M-AR-LBD (13) . However, such systems may not be ideal for activating cre activity in studies utilizing female mice, particularly those involving the study of mammary biology or cancer since such ligands may interfere with normal hormone signaling in the target tissue or may alter expression of the commonly used MMTV LTR. Experiments which study the therapeutic effects of antiestrogens such as tamoxifen in mice could be performed in combination with the cre-AR-LBD (wt)-lox-based system to additionally alter the expression of a gene of interest uncoupled to the exposure of tamoxifen. Such an experiment could not be performed using tamoxifen and the existing cre-ER system without simultaneously activating cre. Further in vivo studies will address this point to determine the potential advantages of the cre-AR-LBD (wt) system.
In addition, we have demonstrated that the CRE-M-LBD system can be delivered to cells using adenoviral vectors. A major concern of gene therapy approaches relates to potential toxicity of compounds produced by the gene therapy vector. Using our gene-switch approach, we demonstrate that an inducible form of cre recombinase may be particularly useful to inactivate gene expression from gene therapy vectors designed to contain lox P sites¯anking the therapeutic gene. Expression of the therapeutic gene can be extinguished using the inducible cre-lox gene switch system to terminate the expression once adequate therapy has been administered or if toxicity develops from the gene-therapy vector.
The system we have developed may also be employed as a unique and novel assay for high throughput screening of compounds that may affect steroid hormone signaling, either as an activator or inhibitor, based upon their ability to bind various forms of the AR-LBD. The high sensitivity of our system in conjunction with high speci®city required to activate Cre-AR will allow for the detection of relatively weak AR ligands which offers a signi®cant advantage over other systems to screen for ligand binding activities. Using the gene switch reporter system, which is activated by cre recombinase, we can assess whether a particular compound binds to the LBD and activates cre. This assay can be adapted to screen numerous compounds for binding to the AR-LBD. Compounds which result in the expression of the reporter gene products (such as luciferase or RFP) would be identi®ed as activating a particular LBD and can be studied further. Similar reporter systems can be developed to test ligand binding to other steroid hormone LBDs. This approach could rapidly identify compounds within the environment that may have steroid hormone activities and be related to environmental risks for disease, including hormone-related cancers.
